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Summary

The final degradation product of the complement protein C3, C3d, has been used as a molecular
adjuvant to various antigens. Chimera proteins of the antigen and multiple copies of C3d were
developed to test the adjuvant effect of this molecule. The main mechanism by which C3d
enhances the immune response is interaction with CR2. /n-vitro studies showed that the avidity of
C3d for CR2 is affected by residues located at the interacting surface (e.g. 170N) as well as by
residues located in other areas. The role of the latter residues has been proposed to depend on the
electrostatic nature of the C3d-CR2 interaction, where the charges of the whole molecules are
responsible for their binding. C3d is primarily a negatively charged molecule, while CR2 is a
positive one. Previous experiments demonstrated that elimination of a positive charge (K162A) in
C3d enhanced its avidity for CR2, while elimination of negative charges or addition positives ones
(D163A N170R, respectively), impaired the avidity for CR2. Despite the extensive /in-vitro
research, the role of these residues in the adjuvant effect of C3d is unclear. To study the role of
residues at the interacting and non-interacting surface of C3d on the adjuvanticity, single as well
as a double residue substitutions were engineered in the murine C3d (R162A, D163A, N170R and
D163A-N170R) gene. Two copies of these mutant molecules were fused to HIV-1 Envgp150 and
the proteins were tested for their avidity to bind CR2 (SCR2). Later, these DNA constructs were
tested in mice to determine their adjuvant capability. Mutation at residue 162 (R162A) neither
enhanced nor impaired the avidity of Envgp;20-C3d, for SCR2 /n-vitro. Mutations at residues
D163A and N170R, on the other hand, reduced the binding affinity of Envgp;29- C3d; for sCR2.
Furthermore, these mutations synergized and abolished the interaction of C3d for CR2. The data
correlated with the adjuvant capability of these molecules in the mouse model. In summary,
residues that alter the electronegative status of C3d (D163A and N170R) impair the binding of
chimera proteins to CR2, reducing the adjuvant activity of this molecule.
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Introduction

The complement system is composed of more than 20 soluble and membrane proteins that
are activated in cascade. The three pathways that can activate the complement system
(classic, alternative and mannose-binding lectin) converge in the formation of C3-
convertases, which cleave the third component of complement, C3. This event leads to the
effector functions of the complement system, including formation of anaphylotoxins (e.g.
C3a and C5a), formation of the membrane attack complex (C5b, C6, C7, C8 and multiple
C9) and opsonization of microorganisms (e.g. C3b). The cleavage of C3 initially leads to the
formation of C3a and C3b. C3d attaches to foreign pathogens (opsonization) by covalent
attachment through a cysteine (C) residue that gets exposed only after proteolytic cleavage
or hydrolysis. This C is present in all the subsequent cleavage fragments including iC3b,
C3dg and C3d.

Once C3d is formed, it can simultaneously bind the foreign antigen and CR2 (CD21)[1,2].
CR2 is part of the B-cell receptor complex that also involves CD19 and Tapa-1 (CD81) [3].
Binding of the antigen to CR2 facilitates its uptake by the B-cell receptor (membrane-bound
IgM plus Iga and Igp). Additionally, cross-linking the B-cell receptor and CR2 amplifies B-
cell activation by simultaneously triggering the signaling pathways of the molecules
associated with these receptors (Iga-Igp and CD19, respectively) [4-8]. The C3d-CR2
complex links the innate with the adaptive immune responses resulting in C3d as a natural
adjuvant that amplifies the signal required for B-cell activation and therefore enhances
antigen processing, presentation and antibody production [9].

In order to exploit the natural adjuvant properties of C3d, our laboratory and others have
engineered chimera proteins composed of an antigen fused to multiple copies of C3d (Ag-
C3d) [10-19]. These constructs have been shown to enhance antibody titers to a variety of
viral antigens in DNA as well as protein immunizations [20-24]. The primary mechanism
by which C3d enhances the immune response is CR2-dependent; however, CR2-
independent mechanisms have also been described [25].

The interaction between C3d and CR2 has been an area of great debate. The publication of
the crystal structure of C3d and the description of a negatively charged channel led to the
hypothesis that this region on C3d was the surface contact with CR2 [26]. To support this
hypothesis, elimination of negatively charged residues (amino acids) in this channel altered
the binding of C3d to full length CR2 expressed on Raji cells (rabbit B-cells). Two clusters
of amino acid residues important for the C3d-CR2 interaction were identified (cluster I: 36
Aspartate (D), 37 Glutamate (E) and 39E; cluster Il: 160E, 162 Lysine (K), 163D, 164
Isoleucine (1), 166E and 167E) [27]. However, publication of the crystal structure of C3d
coupled to CR2 (short consensus repeats 1 and 2) demonstrated that the surface contact area
of C3d did not involve the negatively charged channel. Furthermore, mutations in residue
170 Asparagine (N), located in the newly described surface contact of C3d, altered the
interaction with CR2 in a competition binding assay [28]. Therefore, there was not a clear
explanation of why mutations in the negatively charged channel altered the interaction with
CR2. A feasible explanation came from a publication by Morikis and Lambris [29], which
suggested that the interaction between C3d and CR2 was of an electrostatic nature. C3d is
primarily a negatively charged molecule, while CR2 is positively charged. It was
hypothesized that the whole charge of the each molecule was responsible for the interaction.
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In order to prove this hypothesis, theoretical mutants using the previously described residues
were generated and the effect of these mutations on the charges of the whole molecule (C3d)
was evaluated. These results demonstrated that elimination of negative charges in C3d
(mutations in the negatively charged groove) altered the whole electric potential of the
molecule and explained the role of these residues. Furthermore, elimination of a positive
charge in C3d (162K) enhanced the avidity of C3d for CR2. Finally, a theoretical mutation
at residue 170 increased the positive charge in C3d explaining the importance of this residue
[29].

The data generated to date has relied on /n-vitro experiments. The /n-vivo relevance,
especially for the adjuvant properties of C3d, has not been determined. In order to explore
the importance of the residues in the negatively charged channel and in the contact surface
of C3d for the adjuvant effect, mutations in C3d at residues 162, 163 and 170 were
generated. Each mutation in the murine C3d protein was fused in frame with a model
antigen, HIV-1 Envgp120, and used for DNA vaccination of mice to determine the /n-vivo
effect of each residue on the adjuvant properties.

Materials and Methods

Site directed mutagenesis of C3d expression plasmids

A plasmid encoding a single copy of wild-type murine C3d with a histidine (His) (6x) tag
was generated by PCR amplification of the wild-type gene [13] and cloned behind the tPA
leader sequence in the expression vector TR600 [16]. This plasmid was used as template to
generate C3d mutant genes.

Single amino acid substitutions were engineered in the murine C3d gene using a
QuickChange XL- Site Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA), using
unique oligonucleotide primers following the directions of the manufacturer. The amino acid
substitutions introduced in the C3d gene were selected based on previous reports [27,28].
Four different C3d mutants were generated (C3d R162A, C3d D163A, C3d N170R and C3d
D163A-N170R) using the next set of oligo primers: FRT880S 5’-
afcgeactgecaggaagecgeggacarctgtgagggg-3’, FRT881AS

5’ ceectcacagatgtcecgeggcticctgeagtgegat-3’ (to generate C3d R162A); FRT882S 5°-
ctgcaggaagecagggcecatctgigaggggeagare-3’, FRT883AS 5°-
galtctgeccctcacagatggecctggcttcctgeag-3’ (to generate C3d D163A); FRT884S 5°-
tgtgaggggcaggicagaagccttcctgggage-3’, FRT885AS 5°-
gctececaggaaggctictgacctgeccctcaca-3’ (to generate C3d R170R) (Table 1). The double
mutant (C3d D163A-N170R) was generated by introducing the N170R substitution on the
initially generated C3d D163A. All the C3d mutant plasmids generated were tested for
expression as described before.

Once single C3d mutants were generated and expression tested, constructs of Envgp120 (89.6
isolate) fused to two copies of C3d (wild-type or mutants) were generated (Envgpi20- C3dy).
Linkers composed of two repeats of four glycines and a serine [(G4S),] were fused at the
junctures of each C3d repeat. Additionally, a His (6x) Tag was introduced at the 3’ end of
each fusion protein (Fig. 2A)

A soluble form of Envgp;20 (89.6 isolate) with a His (6x) tag alone was also engineered as
previously described. Finally, a soluble form of murine CR2 (sCR2) was generated by
truncating the gene at position 3009 (residue 965 in the protein), this removes the trans-
membrane portion of the gene. The truncated gene was then cloned into the expression
vector TR600. His (6x) and HA tags were introduced at the 3’ end of the gene (Fig. 3A).
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All DNA plasmids were amplified in Escherichia coli DH5-a; purified using endotoxin-free,
anion-exchange resin columns (Qiagen, Valencia, CA, USA), resuspended in distilled water
and stored at —20 °C.

Plasmid Expression

Each plasmid was transfected into HEK 293T cells (~500,000 cells) performed in six-well
plates using Lipofectamine 2000 reagent (Invitrogen Life Technologies, Carlsbad, CA,
USA) and Opti-MEM I reduced serum media (Gibco, Grand Island, NY, USA). Seventy-
two hours post-transfection, supernatants (1%) (Fig. 2B and 3B) and cell lysates (2%) were
collected and diluted in SDS sample buffer and loaded onto SDS-polyacrylamide gels (5%
stacking; 10% resolving) and run for 2h (100 Volts). The resolved proteins were transferred
onto 0.2mA PVDF membranes (Millipore, Bedford, MA, USA) and incubated with the
appropriate anti-sera (1:1000-5000). Bound antibodies were detected using goat appropriate
anti-secondary antibodies conjugated to HRP (1:7000) (Southern Biotechnology,
Birmingham, AL, USA), followed by enhanced chemiluminescence (Pierce Biotechnology,
Rockford, IL, USA).

Protein Purification

For protein purifications, ~8 x 108 HEK 293T cells were transfected with plasmids in T-75
flasks. Briefly, cells were grown in complete Dubelcco’s Modified Media (cDMEM)
[DMEM supplemented to contain 10% heat-inactivated fetal bovine serum (FBS) (Atlanta
Biologicals, Atlanta, GA, USA), 4 mM L-glutamine (Invitrogen Life Technologies,
Carlsbad, CA, USA), and 0.4 mg/L gentamicine (Gibco, Grand Island, NY, USA)] until
90% confluency. DNA plasmids (15 pg) were incubated with Lipofectamine 2000 (40 ul)
and Opti-MEM 1 reduced serum media (1 ml) for 25 min (Gibco, Grand Island, NY, USA).
cDMEM was removed from HEK 293T cells, replaced with 5 ml of Opti-MEM | and the
DNA - Lipofectamine 2000 mixture added. Cells were incubated for 6h at 37 °C/ 5% CO,
and 5 ml extra of fresh, warmed Opti-MEM | reduced serum media were added. Flasks were
incubated for 48h (37°C/ 5% CO,) and 5 ml extra of supernatants added. The cells were
incubated for an additional 48h and the supernatants harvested. A protease inhibitor cocktail
for purification of His-tagged proteins was added (2.5 ul/ml) (Sigma, St. Louis, MO, USA).
Supernatants were stored at =80 °C until protein purification.

Following a single freeze thaw supernatants were pooled and Envgp120 Or Envgp120-C3d;
wild-type or mutants proteins were purified at 4°C using a 5 ml HiTrap chelating nickel
column (Amersham Biosciences, Piscataway, NJ, USA). Briefly, the column was loaded
with 0.1 M NiSOy4 (5 ml) (Fisher Scientific, Fair Lawn, NJ, USA) and subsequently washed
with distilled water (15 ml). The HiTrap column was equilibrated with 30 ml of Binding
Buffer [20mM phosphate, 0.5 M NaCl and 10 mM imidazole (Sigma, St. Louis, MO,
USA)]. Supernatants containing His-tagged proteins were loaded into the equilibrated
HiTrap column at a rate of 2 ml/min. The column was then washed with Binding Buffer (30
ml). Subsequently, the proteins were eluted using 15 ml of Elution Buffer (20 mM
phosphate, 0.5 M NaCl and 500 mM imidazole). The eluted fraction, containing the purified
protein, was concentrated immediately using 100,000 molecular weight cut-off columns
(Vivascience, Hannover, Germany) (3,000 g, 14°C, 30-45 min). The protein was washed
twice with 1x PBS (15 ml) (buffer exchange) and resuspended in a total volume of 0.5 ml.
The purified, concentrated and buffer exchanged protein was stored at —80°C. Protein
concentration was determined using a Micro BCA Protein Assay Kit (Pierce, Rockford, IL,
USA).
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Silver Staining

The purified proteins were verified by silver staining using a ProteoSilver Stain Kit (Sigma,
St. Louis, MO, USA), following the manufacturer’s protocol (Fig. 1C, D and 2C). Briefly,
purified protein samples stored at —80 °C were gently thawed and prepared for
electrophoresis. 500 ng of Envgp120-C3d; and 2 g of sSCR2 or Envgpyoq alone were
resuspended in a total volume of 10ul of ddH,O. Protein samples were diluted (1:2) in
sodium dodecy! sulfate (SDS) Laemmil sample buffer (Bio-Rad, Hercules, CA, USA) and
the mixture was boiled for 5 min. The samples were loaded onto a 5-10% SDS-
polyacrylamide gel (Stacking Gel: 30% acrylamide:bis, 10% SDS, 10% ammonium
persulfate, 1% TEMED, 0.5 M Tris-HCI pH 6.8 or Resolving Gel: 1.5 M Tris-HCI, pH 8.8).
After electrophoresis of the proteins by SDS-PAGE, the gel was placed in a clean tray with
100 ml of Fixing Solution (50% ethanol, 10% acetic acid in ultrapure water) for 1h. The
Fixing Solution was removed and the gel was washed with 100 ml of Ethanol Solution (30%
ethanol in ultrapure water) for 10 min. The Ethanol Solution was decanted and the gel was
washed twice (10 min) with 200 ml of ultrapure water. The gel was then incubated for 10
min with 100 ml of Sensitization Solution (1% ProteoSilver Sensitizer in ultrapure water).
Following removal of the sensitizing solution, the gel was washed twice (10 min) with 200
ml of ultrapure water. The water was decanted and 100 ml of Silver Equilibration Solution
(1% ProteoSilver Silver solution in ultrapure water) was added to the gel for 10 min. After
the Silver Equilibration Solution was removed, the gel was washed for 1 min with 200 ml of
ultrapure water. The water was decanted and 100 ml of Developer Solution (5% of Proteo
Silver Developer 1, 0.1% of ProteoSilver Developer 2 in ultrapure water) were added to the
gel. The gel was carefully rocked back and forth for 3—7 min until the desired staining
intensity was observed. 5 ml of the ProteoSilver Stop Solution was added to the Developer
Solution to stop the reaction (5 min). Finally, the Developer / ProteoSilver Stop solution was
decanted and the gel was washed with 200 ml of ultrapure water for 15 minutes.

C3d-CR2 binding assay

Plates (96-well) were coated with SCR2 recombinant protein (5 pg/ml — 100ul/well) (1h, 37
°C). The plate was then blocked for 1h (5% non-fat dry milk in 1x PBS-0.05 tween — 1x
PBS-T-) at RT. Envgp120 alone and Envgpg0- C3d; wild-type and mutants (1 pg/ml — 100
ul/well) were added to the corresponding wells and allowed to bind for 1h at RT. Following
4 washed with 200ul of 1x PBS-T, 100ul of a 1:5,000 dilution (5% non-fat milk 1x PBS-T)
of HIV-Ig was added to each well (1h, RT). The plate was washed (4x) and 100ul of a
1:10,000 dilution of goat anti-human IgG-HRP was incubated for 1h at RT. TMB substrate
(100ul) were added to each well and the plate was incubated in the dark for 20 min. The
reaction was stopped by adding 50ul of a 2N sulfuric acid solution. The plate was read
immediately and the O.D. was determined at 450 nm. Each experiment was run in triplicate.
The O.D. data was normalized to percentage and the data analyzed by one-way ANOVA to
compare all groups. Then each group was compared to the SCR2/Envgp20- C3d, wt using a
Dunnett’s multiple comparison tests.

Mice immunizations

Five female BALB/c mice (12-14 weeks-old) (Harlan-Sprague, Indianapolis, IN, USA) per
group were gene gun immunized on shaved abdominal skin by using the hand-held Bio-Rad
gene delivery system. Mice were immunized with two gene gun doses containing 2 pg of
DNA per 0.5 mg of approximately 1-um gold beads (Bio-Rad, Hercules, CA) at a helium
pressure setting of 400 Ib/in2. Immunizations were performed three weeks apart (weeks 0
and 3) and sera samples were collected by retro-orbital bleeding, two weeks after each
immunization (weeks 2 and 5). For blood sample collection animals were anesthetized with
a mixture of ketamine / xylazine.

Immunol Lett. Author manuscript; available in PMC 2013 August 28.
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Evaluation of the immune response by ELISA

Results

Sera samples were stored at =80 °C until analysis. Antigen-specific antibody titers were
assessed by ELISA. To determine anti-Env antibodies, microtiter plates (96-well) were
coated with Envgn120 (YU2) containing supernatants from transiently transfected HEK 293T
cells (~ 100 ng of Envgpioo/well). Plates were incubated overnight at 4°C and then blocked
with 5% nonfat dry milk in 1x PBS/0.05% Tween (PBS-T) (2 h). After extensive washing
with PBS-T, antiserum collected from vaccinated mice was serially diluted (initial dilution
1:50) in 5% nonfat dry milk in PBS-T. Serum was allowed to bind to antigen coated plates
(2 h), followed by thorough washing with PBS-T. The plates were then incubated (25° C for
1 h) with 100 pl of goat anti-mouse 1gG conjugated to horseradish peroxidase (HRP)
(1:5,000) (Southern Biotechnology Associates, Inc., Birmingham, AL) diluted in PBS-T
containing 5% non-fat dry milk. The unbound antibody was removed, and the wells were
washed (3x) with PBS-T. 100 pl of TMB substrate (1 TMB tablet per 10 ml of phosphate-
citrate pH 5.0 buffer; 2 pl 30% H»0,) (Sigma, St Louis, MO, USA) were added to each well
(25°C for 30 min). Following 30 min incubation, the reaction was stopped with 50 pl / well
of 2N Sulfuric Acid. The colorimetric change was measured as the O.D. at 450 nm using a
spectrophotometer (Dynex Technologies, Chantilly, VA, USA).

Generation of C3d mutants

Two clusters of residues were identified as important for the human C3d-CR2 interaction by
crystallography (cluster I: 36D, 37E and 39E; cluster I1: 160E, 162K, 163D, 164l, 166E and
167E) [27]. These residues were located in a negatively charged channel. However, when
C3d was coupled to CR2, the surface contact area of C3d did not involve the negatively
charged channel. Furthermore, within the newly described surface contact, residue 170N
was identified as critical for the interaction of these two molecules [28]. This was surprising
since N is a neutral residue and a major role for this residue was not expected. Among these
10 residues, amino acid substitutions at positions 162, 163 and 170 in C3d significantly
changed the binding of C3d to CR2 in two different studies, therefore these residues were
selected to perform /n vivo studies. Human and murine C3d have an overall sequence
similarity of 90% and while residues 163 (D) and 170 (N) are the identical, there is a K at
residue 162 in mice and an R at this position in humans. K and R are similar amino acids
(branched, hydrophilic, basic); therefore, a similar role for these residues can be speculated.

In order to determine the role of these residues in adjuvant function of C3d, single amino
acid substitutions were introduced in the murine C3d molecule. These substitutions included
an R for A substitution at residue 162 (R162A), D for A at position 163 (D163A) and N for
R at residue 170 (N170R). Additionally, double substitutions at positions 162 and 170
(D163A-N170R) were engineered in a single molecule. None of these mutations altered the
expression of the C3d gene (data not shown). Two copies of each C3d protein (wild-type
and mutants) were cloned in frame to the HIV-1 Envgp10 (Fig. 1A). Each chimera protein
efficiently secreted and expressed into the supernatant of transiently transfected HEK 293T
cells (Fig 1B).

Role of amino acids 162, 163 and 170 in the binding to sCR2

ENnvgp120-C3d with wild-type and individual mutant C3d proteins (R162A, D163A, N170R)
were tested for the binding affinity to immobilized murine sCR2. Mutation K162A in the
human C3d molecule was reported to enhance the binding avidity of C3d for CR2 [27]. In
the murine C3d, however, the R162A mutation neither impaired nor enhanced the binding
affinity for sSCR2 compared to wild-type C3d (Fig. 3). Mutations D163A and N170R have
both been reported to reduce the binding affinity for CR2 in the human molecules [27,28].
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Consistent with this report, Envgy1o0 fused to C3d D163A and N170R had a reduced, albeit
not significantly, binding affinity for SCR2 (30% and 60% reduction, respectively). There
was a significant reduction on the binding affinity of the double mutant D163A-N170R for
sCR2 (90% reduction) (p<0.05) (Fig. 3). Envgp120 alone had only background binding to
SCR2.

Role of amino acids 162, 163 and 170 in the enhancing the immune response to Env

C3d is an effective molecular adjuvant [11,13-18,21,22,30-35]. To determine if C3d
residues 162, 163 and, 170 affect the adjuvant properties of C3d, mice were vaccinated with
DNA plasmids expressing Envgni20 fused to either the wild-type C3d or the mutant C3d
proteins. Consistent with our previous results, Envgpi o0 fused to two copies of wild-type
C3d enhanced the development of anti-Env antibody titers, compared to Envgp;20 alone
(Fig. 4A and B). Consistent with the results of the binding assay, Envgp;20-C3d, R162A did
not enhance or reduced anti-Env antibody titers (Fig. 4A and B). Both sets of mice had
similar endpoint dilution titers (1:12,500). In contrast, both Envgp100-C3d, D163A and
Envgp120-C3d; N170R reduced the anti-Env antibodies titers compared to wild-type C3d.
Mice vaccinated with either of these DNA vaccines elicited ~1 log lower anti-Env antibody
titer than Envgp1o0 with wild-type C3d. Interestingly, similar to the binding assay results, the
combined mutations at residues 162 and 170 (Envgp;20-C3d, D163A-N170R) reduced the
anti-Env titers by 87% (1:200) (Fig. 4A and B).

Discussion

C3d is an efficient adjuvant for several antigens derived from microorganisms [11,13-
17,22,30-34,36,37]. Interaction with its natural ligand, CR2, is the primary mechanism for
its adjuvant effect and despite the intense /in-vitro research of the C3d-CR2 interaction, the
translation of these findings for the adjuvant effect /n-vivo has mainly remained unexplored.
Identification of critical residues for the C3d-CR2 interaction might provide clues for
improving the adjuvant properties of C3d and improve vaccine design. In the current study,
previously reported mutations that alter the binding avidity of C3d (R162A, D163A,
N170R) for CR2 were engineered. These mutations were selected due to the significantly
higher effect on the interaction with CR2 that has been reported and include 1) a mutation
that enhanced the binding affinity for CR2 (K162R), 2) a single mutation that significantly
impairs the avidity for CR2 and located in the non-interacting surface (>95% impairment)
and 3) a mutation that reduced the affinity for CR2 and located on the interacting surface
[27,28]. These C3d mutant molecules were then fused to HIV-1 Envgp190, a well
characterized model antigen, and these chimera proteins (Envgp;20-C3dy) used in /in-vitro
binding assays to CR2 as well as /n-vivo vaccine studies.

Previous reports showed that mutations of residue 162K in the human C3d enhanced the
avidity for CR2 [27]. The mutation that enhanced the binding avidity of C3d (K162A)
replaced a basic (positively charged) for a neutral residue. In the mouse C3d molecule,
position 162 is occupied by an R instead of K. These residues, however, share similar
characteristics (basic, branched), therefore a similar function was expected. Despite this, the
mutation at this residue (R162A) did not improve or impair the affinity of C3d for CR2. It is
possible that these amino acids play different roles in the human and mouse molecules.
However, it is not clear how these might differ; especially considering that mathematical
models suggest that the electrostatic potential of the whole molecule is responsible for the
interaction with CR2. Another possibility is that the generation of the chimera (Envgpi20-
C3d, R162A) molecule “obstructed” this residue, reducing its natural role. However, this is
very unlikely, since mutations at the neighboring residue (D163A) did have an effect of the
binding affinity of Envgp100-C3d; for CR2.

Immunol Lett. Author manuscript; available in PMC 2013 August 28.
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In contrast, mutations at residues D163A and N170R reduced the binding affinity of
Envgp120-C3d, for CR2, by 30% and 70% respectively. Interestingly, the substitution that
involved the interacting surface (170N) had a more significant effect than the mutation
located in the negative channel. These differences, however, were not statistically
significant. Mutations in these residues have previously been tested by two different teams
using different binding assays. The D163A mutation was tested for its binding avidity to the
full length CR2 molecule on Raji cells [27]. Meanwhile, mutation R170N was tested on for
its binding avidity to full-length soluble CR2 on a competition ELISA [28]. Therefore, a
direct comparison was lacking and the results of the Envg,100-C3d; suggested that residues
on the interacting surface play a slightly more important role than residues in the adjacent
areas. A synergistic impairment (>90% in binding impairment) in the C3d-CR2 interaction
was shown by the double C3d mutant (D163A-N170R) (Fig. 4). This reinforces the
hypothesis that residues at the interacting and non-interacting surfaces of C3d are important
for binding to CR2 and also confirms the electrostatic nature of the interaction between
these proteins, since the mutations removed a negative charge (D163A) and added a positive
one (N170R), respectively, therefore increasing the overall positive charge in C3d.

To evaluate the effect of these mutations on the adjuvant effect by C3d (/n-vivo), mice were
immunized with DNA expressing the wild-type Envgy120-C3d; or one of three Envgpy;20-
C3d, mutant chimera proteins. Consistent with previous reports [13,16], wild-type
Envgp120-C3d, enhanced the immune response compared to Envgpo0 alone (Fig. 4A and B).
Consistent with the lack of C3d binding to CR2 /n-vitro, Envgp;20-C3d; R162A did not
enhance the anti- Envgp;29 antibody titer. Both Envgp170-C3d; D163A and Envgpi20-C3d;
N170R were impaired in their ability to elicit anti-Envgp;29 antibodies, reducing the anti-
Envgp120 antibodies by ~50% compared to wild-type Envgpi20-C3d, (Fig. 4). However,
combining these two mutations (D163A and N170R) almost completely eliminated the
elicitation of anti- Envgp;20 antibodies, which correlated with the ablation of C3d binding to
CR2.

This study has demonstrated a strong correlation between the C3d-CR2 interaction and the
adjuvant effect of C3d. One question that remains unanswered however, is the role of these
mutations in the CR2-independent mechanism. Various hypotheses for the CR2-independent
mechanism of enhancement of the immune response have been proposed 1) enhanced half-
life of the fused antigen, 2) carrier protein effect and 3) additional C3d receptor(s). A
previous publication suggested that C3d works as a carrier protein, since the adjuvant effect
was similar to CGG (known CR2-independent adjuvant) in CR2 KO mice [25]. In the
current study, mutations that reduced (D163A or N170R) or eliminated (D163A-N170R) the
interaction between C3d and CR2 resulted in reduced or complete elimination of the C3d-
induced adjuvant effect. Therefore, the data presented here does not favor a C3d carrier
effect for the CR2-independent mechanism and may favor a secondary C3d receptor. It is
possible that in the CR2 KO mice C3d bound to the secondary and this resulted in the
enhancement of the immune response. Furthermore, since the mutations introduced
eliminate the overall negative charge (D163A and/or N170R) of C3d, the data also suggest
that the interaction with the possible secondary receptor also depends on the electrostatic
nature of the molecules.

In summary, the present study demonstrates that the interaction of C3d with CR2 remains
the primary mechanism for enhancement of antibodies to linked proteins. Mutations on the
interacting surface (N170R) or adjacent areas (D163A) that alter the negatively charged
nature of C3d impair the binding of C3d with CR2 and alter the adjuvant potential of C3d.
Finally, the data suggest the presence of a secondary receptor, which identity remains
unknown. A complete understanding of the mechanism of interaction between C3d and CR2
might contribute to better vaccine design for poorly antigenic molecules.
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Figure 1. Construction and expression of Envgp120-C3d

The gene encoding for HIV-1 Envgp;20 was fused to two copies of wild type or mutant C3d
(R162A, D163A, N170R or D163A-N170R) and cloned into the expression vector TR600
(A). Linkers composed of two repeats of four glycines and a serine [(G4S),] were fused at
the junctures of each C3d copy. These constructs were tested for expression in HEK 293T
cells. The amino acid substitutions introduced in C3d did not alter the expression of the
fusion proteins (B). Similar to previous reports, Envgp129 alone produced more protein than
the chimera constructs. (C and D) Purity of the purified proteins was assessed by silver
staining (500 ng of Envgp120-C3d; and 2 ug of Envgpio0 alone were evaluated).
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Figure 2. Construction and expression of soluble CR2 gene

In order to generate a soluble form of CR2 for the binding assay, the transmembrane region
of this gene was truncated (nt 3009) (A). The product of the gene was detected in the
supernatants of transfected HEK 293T cells (B) and the 2ug of purified protein were tested
for purity by Silver Staining (C).
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Figure 3. ELISA binding assay

Envgp120 alone and fused to two copies of wild-type or mutant C3d were assayed for their
binding capacity to SCR2. Envgp100- C3d, wild-type was used as the standard control.
Mutation at residue 162 did not alter the binding capacity of Envgpio0- C3d; (R162A) to
CR2. Mutations at residues D163A and N170R reduced but not statistically significant the
binding of C3d to CR2. Introduction of the double mutation (D163A-N170R) in C3d,
synergized and eliminated the binding avidity of C3d for CR2 (p<0.05). As expected,
Envgp120 alone showed only background levels of binding to CR2. The experiment was
repeated twice in triplicate.
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Figure 4. Anti-Env antibody titers

Mice (5 mice per group) were DNA immunized (weeks 0 and 3) with Envgp150 alone or
fused to two copies of C3d wild-type or mutants. Sera collected two weeks after the last
immunization (week 5) was tested for anti-Env antibody titers by ELISA. Different sera
dilutions were assayed and the O.D. reported (A). Envgpi20- C3d, wild-type (white square)
enhanced the anti-Env antibody titers compared to Envgp;29 alone (black circle). Envgpi2o-
C3d; (R162A) did not enhance or reduce the adjuvant effect of C3d. Envgpi20- C3d;
(D163A) (inverted white triangle) and Envgpi20-C3d (N170R) (black rhomboid) reduced the
adjuvant effect of C3d. However, these mutations did not completely eliminate it, since
higher Ab titers than in the Envgp;20 alone group were detected. Introduction of the double
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mutation (D163A-N170R) in C3d (white circle) resulted on almost complete elimination of
the adjuvant effect. (B) The results of a 1:200 dilution are shown. Columns indicate the
mean and bars + SEM. The different groups were compared to Envgp;0- C3d, wild-type for
statistical analysis (* p<.01, ** P,0.0001).

Immunol Lett. Author manuscript; available in PMC 2013 August 28.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Toapanta et al.

Table 1

Mutation  Sense Anti-sense

R162A 5’-atcgcactgcaggaagecgeggacatetgtgagggg-3”  57-ceccteacagatgteegeggcttectgeagtgegat-3”

D163A 5’-ctgcaggaagccagggecatctgtgaggggeagate-3° 57 -gatctgeccctcacagatggecctggcttoctgeag-3

’

N170R 5’-tgtgaggggcaggtcagaagecttectgggage-3” 5’-gcteccaggaaggcttctgacctgeeccteaca-3”
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